Reaction of Ti(OBu) 4 
Introduction
Exchange of the OR groups of titanium and zirconium alkoxides, M(OR) 4 (M = Ti, Zr), by an alcohol or phenol R OH is a straightforward process, especially if the exchange reaction is driven by a stronger bonding of OR . Among others, this is the case when the reaction with R OH results in chelating ligands, as for di-and polyols, β -amino [1, 2] , β -alkoxy alcohols/phenols [2, 3] or similar. Modification of Ti(OR) 4 with 1,2-and 1,3 diols is used for a long time to modify the reactivity of the metal alkoxide [4, 5] .
Reactions of M(OR) 4 (M = Ti, Zr) with calixarenes, which are reported in this article, are not only interesting with regard to functionalization of the alkoxides (as precursors for sol-gel materials) but also from a structural point of view. Reaction of Ti(OR) 4 with O 2 N-C(CH 2 OH) 3 , providing a tripodal, trianionic ligand had resulted in polynuclear compounds, where the oxygen atoms of the O 2 N-C(CH 2 O − ) 3 ligands bridge either two or three titanium atoms [6] . In contrast, many metal complexes of tbutyl-calix [4] arene, calix tBu (OH) 4 , (Fig. 1) are known, in which [calix tBu O x (OH) 4−x ] x− ligands are bonded to just one metal [7] , among them several titanium [8 -14] and zirconium derivatives [14 -17] . [4] arene [calix tBu (OH) 4 ].
Results and Discussion
Adding four molar equivalents of Ti(OBu) 4 to a suspension of calix tBu (OH) 4 in n-butanol led to the formation of a red complex, and red crystals of Ti 2 (OBu) 2 Fig. 2 , Table 1) were eventually obtained. The structure is similar to a calix [4] arene monomethyl ether derivative (with O-4-C 6 H t 4 Bu bridges) which was prepared by another route [14] .
Both titanium atoms are octahedrally coordinated and bridged by two OBu ligands. Each calix tBu O 3 (OH) ligand is coordinated to one titanium atom through three Ti-O bonds and one additional interaction with 
a The label refers to symmetry-equivalent atoms generated by the symmetry operation −x, −y, z.
one OH group. The latter was clearly identified by the Ti(1)-O(4) bond length (224 pm) which is substantially longer than that of Ti (1) Thus, proton exchange of the OH group is fast on the NMR timescale. This was also found in the 13 C NMR spectrum, where only one signal for the CH 3 and CH 2 groups of the butoxo ligand were found, and two signals each for the aromatic carbon atoms.
Derivatives of zirconium alkoxides have, in most cases, different structures than the corresponding titanium alkoxides, because the bigger Zr atoms allow a larger structural variability and because of reactivity differences. Reaction of calix tBu (OH) 4 with Zr(OBu) 4 in the same molar ratio as in the reaction with Ti(OBu) 4 resulted indeed in a compound with different composition and structure, namely Zr 3 (OBu) 8 (calix tBu O 4 ) (Zr3Calix, Fig. 3 , Table 2 ).
The basic structural motif of Zr3Calix is a Zr 3 triangle, which is capped by two µ 3 -OBu ligands. The calixarene ligand in Zr3Calix is completely deprotonated; three oxygen atoms of the calix tBu O 4 ligand are bonded to Zr(1), while the fourth is bridging Zr(1) and Zr (2) . The other two edges of the Zr 3 triangle are bridged by µ 2 -OBu groups. The coordination spheres of the Zr atoms, a distorted square face mono-capped trigonal prism for Zr(1) and distorted octahedra for Zr (2) and Zr(3) , are completed by terminal OBu ligands.
Zr3Calix has a local C s symmetry. In the 1 H NMR spectrum, two signals were found for the t-butyl groups of the calixarene at 0.93 and 1.02 ppm, and one signal for the other two symmetry-related t-butyl groups at 1.59 ppm. The hydrogen atoms of the OCH 2 of the calixarene show geminal coupling with a large shift between axial and equatorial. Four different doublets can thus be found in the NMR spectrum (at 3.59, 3.64, 5.23, and 5.32 ppm) with a coupling constant of around 12 Hz. Therefore, it can be assumed that the C s symmetry is retained in solution. In the 13 C NMR spectrum the number of signals of the calix tBu O 4 ligand reflects the mirror symmetry (one signal overlaps with the C 6 D 6 resonance). The signals of the OBu ligands partly overlap in the 1 H and 13 C NMR spectra. A smaller number of signals than expected were therefore observed for the latter.
To obtain a calixarene-substituted zirconium oxo cluster, zirconium butoxide was reacted with calix tBu (OH) 4 in the same molar ratio in the presence of acetic acid. Addition of acetic acid results in the in situ generation of water through esterification with nbutanol [19] . This reaction led to the formation of the oxo cluster Zr 4 Fig. 4 , Table 3 ). The outcome of the reaction of Zr(OBu) 4 , calix tBu (OH) 4 and water (diluted in THF) in a ratio of 8 : 1:4 was the same. This is additional proof that acetic acid acts as an in situ water source.
The basic structural motif in Zr4Calix2 is the same as that of Zr3Calix, namely a Zr 3 (µ 3 -OBu) 2 unit formed by Zr(1), Zr (2) (3) . The attachment of the ZrO(OBu) 2 (BuOH) 2 unit, however, is not symmetrical. This is due to the additional interaction of Zr (4) with one of the oxygen atoms of one calix tBu O 4 ligand [O(4) bonded to Zr(3) in Fig. 4 ]. For steric reasons an interaction with the oxygen atoms of two calix tBu O 4 ligands would not be possible. Since the Fig. 2 ) which has the characteristic dimeric structure of titanium alkoxides substituted by chelating ligands. Although the same metal alkoxide : calixarene ratio was used for synthesis, a compound with a lower degree of substitution, namely Zr 3 (OBu) 8 (calix tBu O 4 ) (Zr3Calix, Fig. 3 ), was obtained in the corresponding reaction with Zr(OBu) 4 . This may be a kinetic effect, because the same reaction in the presence of small amounts of water showed that the basic structural motif Zr 3 (µ 3 -OBu) 2 can be Fig. 4 ) a ZrO(OBu) 2 (HOBu) 2 unit is condensed to the Zr 3 unit. The relatively low degree of condensation and the fact that the substituted Zr 3 unit is not hydrolyzed shows that the latter appears to be an enduring structural unit. It is also noteworthy that no acetate ligand was coordinated. This shows, not unexpectedly, that calix tBu O 4 is the preferred ligand compared to carboxylate.
Experimental
All operations were carried out in inert gas atmosphere using standard Schlenk techniques or a glove box. Ti(OBu) 4 and Zr(OBu) 4 (used as a 1 : 1 adduct with BuOH) were obtained from Sigma-Aldrich and used as received. n-Butanol was purified using standard techniques prior to use. tButylcalix [4] arene was obtained as described by Gutsche et al. [20] .
Synthesis of Ti 2 (OBu) 2 [calix tBu O 3 (OH)] 2 (TiCalix)
Ti(OBu) 4 (1.32 mL, 3.88 mmol) was quickly added to a suspension of 630 mg (0.97 mmol) of calix tBu (OH) 4 (used as 1 : 1 toluene adduct obtained upon recrystallization [20] ) in 4 mL of n-butanol. After an immediate change from colorless to yellow, a suspension was obtained. After heating and addition of 4 mL toluene, a red solution was received, from which crystals of TiCalix were obtained after 2 weeks. In each of the calix tBu O 3 (OH) ligands, one toluene is incorporated (not shown in Fig. 2 4 and 25.5 mL (1.78 mmol) of acetic acid in 2 mL of n-butanol. The suspension was heated under stirring until a clear solution was obtained. After cooling to room temperature, crystals of Zr4Calix2 had formed after 18 weeks from the mother liquor. Yield 360 mg (70 %).
The same crystals were obtained in a reaction without acetic acid, where water was added instead. In this reaction, 754 mg (1.16 mmol) of calix tBu (OH) 4 were suspended in 3 mL of n-butanol. To this suspension, 4.25 mL (9.3 mmol)
